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Climate warmingTathlina Lake (Northwest Territories, Canada) is a large, shallow ecosystem in the rapidly warming northern
boreal forest. This lake is of considerable cultural and economic signiﬁcance as it supports a commercially impor-
tant walleye (Sander vitreus) ﬁshery that has experienced large ﬂuctuations since the 1940s, the causes of which
are poorly understood. Here we used paleolimnology to describe long-term environmental changes in the lake
that may have contributed to recent collapses in walleye populations. The sub-fossil remains of diatoms and
chironomids were used to assess changes in turbidity, nutrients, and oxygen levels, all of which are important
to walleye. Minimal changes have occurred in diatom assemblages from the early 1920s to present, suggesting
that turbidity and nutrients have not changed markedly in the lake. Hypoxia-tolerant chironomid taxa were
found throughout the sediment record, and our modern water chemistry showed that oxygen levels were
supersaturated in the summer, but close to the lower tolerance limit ofwalleye inwinter. An increase in sedimen-
tary chlorophyll-a since ~1940 suggests Tathlina Lake is affected by recent climate warming. Our ﬁndings
indicate that walleye populations are likely regularly exposed to hypoxic winter conditions, which may increase
the sensitivity of the population to other interacting stressors that occurwith recent climatewarming. Long-term
records of environmental change in large, shallow northern lakes are rare, and paleolimnology provides a
framework to reconstruct missing monitoring data, especially in lakes that are economically and culturally
important to northern communities.
© 2015 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.Introduction
Limnological monitoring records are sparse in northern regions, and
thus proxy records such as those preserved in lake sediment cores are
required to understand how freshwater ecosystems have changed
over time. This is especially important because freshwater ecosystems
are now being subjected to multiple environmental stressors, including
climate warming, which can result in unknown and sometimes
irreversible impacts (Smol, 2010). The Great Slave Lowlands ecoregion
in the southern Northwest Territories of Canada is in a period of rapid
environmental change (Beilman and Robinson, 2003; Quinton et al.,
2011), and yet little is knownabout current andpast aquatic ecosystems
in this region.
Tathlina Lake (60°32′N, 117°30′W) is a large (surface area =
573 km2) and shallow (maximum depth ~2 m) lake in the.
rt).
es Research. Published by Elsevier Bsouthern Northwest Territories (Fig. 1). The northwestern edge
of Tathlina Lake forms part of the Kakisa River and is the primary
habitat of a population of walleye (Sander vitreus), which became
central to a commercial ﬁshery in the 1950s. Tathlina Lake is of
cultural and economic importance to the Ka'a'gee Tu First Nation,
whose band members now reside primarily in the community of
Kakisa (Fig. 1). Band members have hunted, trapped, and ﬁshed
in the area for hundreds of years, and in 2013, ~10% of the com-
munity was directly employed or indirectly supported by the ﬁsh-
ery. Since commercial harvesting began in the winter of 1953,
there have been multiple, large-scale declines in the walleye pop-
ulations, which in some years led to the closure of the ﬁshery
(Gallagher et al., 2011). As a result, catch quotas were steadily de-
creased from 90,000 kg in the 1950s to 2000 kg in 2008, with clo-
sures occurring when catch-per-unit-effort was deemed too low
(Gallagher et al., 2011). Despite the fact that the walleye popula-
tion has been studied several times since the 1940s (Kennedy,
1962; Roberge et al., 1988; Gallagher et al., 2011), little.V. All rights reserved.
Fig. 1.Amap of Tathlina Lake and local areawith a satellite image inset. The darkened area at thewest end of Tathlina Lake isﬂuvial input from theKakisa River,which also ﬂowsnorth out
of Tathlina and into Kakisa Lake. The approximate coring location is marked with a black star.
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in Tathlina Lake that may have led to ﬂuctuations in the ﬁshery.
Furthermore, it has been acknowledged that the interactions be-
tween harvest levels and abiotic conditions will play a critical
role in recruitment of walleye to the ﬁshery (Gallagher et al., 2011).
The need to understand long-termenvironmental change, especially
for variables which may affect walleye recruitment, is integral for
developing sustainable catch quotas in order to safeguard the economic
and social welfare of the community of Kakisa. Paleolimnology offers
the means to understand the environmental history of Tathlina Lake
by using the wealth of biological, chemical, and physical information
preserved in lake sediment records over time to reconstruct past
conditions. Here, we analyzed a dated sediment core from the deepest
basin in Tathlina Lake to infer how the environment has changed over
the last several hundred years in order to place recent changes during
the operation of the commercial ﬁshery in the appropriate historical
context.
The preserved biological remains of diatoms (Bacillariophyta)
and chironomids (Chironomidae) were used to qualitatively infer
several environmental variables in Tathlina Lake. Diatoms (sili-
ceous algae) are well-established indicators of lakewater pH, nu-
trients, habitat, light, and turbidity (Smol and Stoermer, 2010),
all of which have important implications for walleye recruitment.
In particular, it has been suggested that changing light and turbid-
ity conditions in Tathlina Lake may be important to the walleye
ﬁshery (Gallagher et al., 2011) because walleyes prefer turbid
water and are sensitive to light (Chu et al., 2005). In addition,
we analyzed chitinous remains of chironomids (non-biting
midges), as important indicators of past oxygen, temperature,
and habitat structure (Walker, 2001). As there was a documented
winter ﬁsh kill in 1943 in Tathlina Lake (Kennedy, 1962), it is crit-
ical to assess long-term trends in oxygen levels, in order to deter-
mine if hypoxia occurs regularly and at the same time as
documented ﬁshery declines. Spectrally inferred, sedimentary
chlorophyll-a concentrations were reconstructed to determine
changes in overall lake primary production (Michelutti et al.,
2010).Methods
Water and sediment sampling
Water samples were taken ~20 cm below the surface using Nalgene
bottles during the ice-covered season (March 14th) and the open-water
season (September 13th) in 2012, and were analyzed for a suite of var-
iables at the National Laboratory for Environmental Testing (Burlington,
ON, Canada). Water samples were refrigerated until they could be
shipped for analysis, and total phosphorus samples were preserved
with 1mLof 30% tracemetal grade H2SO4.Water sampleswere also col-
lected using the samemethods on June 6th 2013, aswell as June 5th and
August 26th 2014, and were analyzed at the Taiga Environmental Labo-
ratory (Yellowknife, NT, Canada). Additional measurements weremade
using a YSI 6920 sonde for temperature, pH, and dissolved oxygen levels
in the open water season from June to September 2012 and under the
ice on March 16th 2014.
A sediment core was retrieved from the western part of Tathlina
Lake using a 7.6-cm diameter Glew (1989) corer in March 2012, and
was sectioned at 0.5-cm intervals using a Glew (1988) extruder. The
coring location was chosen as a site that does not freeze to the bottom
and where walleyes are concentrated in the winter. 210Pb dating was
completed using an Ortec, high-purity, germanium gamma spectrome-
ter (Oak Ridge, TN, USA). Certiﬁed reference materials obtained from
the International Atomic Energy Association (Vienna, Austria) were
used for efﬁciency corrections, and results were analyzed using the
ScienTissiME software program (Barry's Bay, ON, Canada). The resulting
radioactivity proﬁles were developed into a chronology using the
Constant Flux Constant Supply model (Appleby, 2001).
Analysis for chemical and biological indicators
Freeze-dried sediments were sieved through a 125-μm mesh and
transferred to small cuvettes for sedimentary chlorophyll-a analysis
using visible near-infrared reﬂectance spectroscopy, according to
methods outlined in Wolfe et al. (2006) and Michelutti et al. (2010).
This method incorporates an estimate of both chlorophyll-a and the
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isolated from 0.5-g subsamples of each sediment interval by digesting
samples using a 1:1 (molecular weight) mixture of H2SO4 and HNO3 in
a ~80 °C water bath for 2 h (Battarbee et al., 2001). The resultant
diatom slurries were aspirated to a neutral pH, but had low valve
abundance, and were therefore concentrated further using a density gra-
dient separation technique with liquid sodium polytungstate at a density
of 2.3 g/cm3 (Tapia and Harwood, 2002). Subsamples were then plated
and mounted on slides using Naphrax. Species were identiﬁed at 1000×
resolution using the taxonomic guides of Krammer and Lange-Bertalot
(1991, 1997, 1999, 2000) and a minimum of 200 valves were identiﬁed.
Chironomid head capsules were isolated from the sediment matrix by
digesting 1–6 g of dry sediment in 5% KOH for 30 min at ~70 °C
(Walker, 2001). Digested samples were then rinsed through a 100-μm
sieve, and the remaining sediments were picked through using a dissect-
ing microscope and forceps for head capsules. Specimens were then
mounted permanently on slides using Entellan®. Species groups were
identiﬁed primarily using the taxonomic guide of Brooks et al. (2007).Results and discussion
Water chemistry
Our study is the ﬁrst to collect a complete suite of water chemistry
variables for Tathlina Lake for open water and under-ice conditions.
Sampling was undertaken during four open water periods (September
2012, June 2013, June 2014, and August 2014) and once under late
winter ice (March 2012) (Table 1). Tathlina Lake is a well-buffered
(alkalinity = 85.2 to 144 mg CaCO3/L) and mesotrophic (total
phosphorus unﬁltered = 10.0 to 20.0 μg/L) system (Table 1). Several
important chemical differences were apparent between under-ice and
open water samples. The most notable chemical difference was the
increase in major ions, dissolved organic carbon, total organic carbon,
and total dissolved solids in under-ice water samples compared to the
open water season (Table 1), which is not surprising considering the
large decrease in unfrozen water volume that occurs with freezing.
Much of the eastern basin of Tathlina Lake, the largest basin, freezes to
the bottom (Fred Simba of the Ka'a'gee Tu First Nation, 2012, personal
communication), and thus solutes become concentrated in the relative-
ly small, deeper western basin during winter. These differences are
important considerations for walleye, which likely experience greater
physiological stress during winter when the lake is isolated from the
atmosphere. Particulate organic carbon and total dissolved solids were
notably higher under the ice, suggesting greater accumulation may be
occurring during winter when river inputs are minimal.Table 1
Water chemistry data collected from Tathlina Lake during the ice-covered season (March
14th 2012) and open-water seasons (September 13th 2012, June 6th 2013, June 5th 2014,
and August 26th 2014). Dashes indicate no data available.
Variable Mar-12 Sept-12 June-13 June-14 Aug-14
pH 7.9 8.33 7.74 8.11 8.08
Total nitrogen ﬁltered (mg/L) – 0.695 0.65 0.64 0.64
Total phosphorus unﬁltered
(μg/L)
– 17.6 19.0 10.0 20.0
Dissolved organic carbon (mg/L) 24.6 21.4 19.6 16.8 23.2
Total organic carbon (mg/L) 38.4 18 20.5 18 23.1
Alkalinity (mg CaCO3/L) – 144 85.2 91 132
Speciﬁc conductivity (μS/cm) – 331 203 211 271
Total dissolved solids (mg/L) 374 28 140 152 198
Turbidity (NTU) – 8.12 5.18 3.38 3.06
Calcium (mg/L) 91.9 51.2 34.7 31.9 47.1
Chloride (mg/L) 4.6 3.8 0.7 1.1 0.8
Magnesium (mg/L) 17.2 11.1 6 5.8 8.5
Potassium (mg/L) 1.1 0.7 0.8 0.8 0.3
Sodium (mg/L) 12.7 10 2.8 3.8 4.7
Sulfate (mg/L) 39 29 15 15 14The temperature of the Tathlina Lake water column remained
between ~15 and 20 °C from the beginning of June to the end of
September 2012, and lakewater pH was stable at ~8.5 (Fig. 2A).
Dissolved oxygen concentration in the water column remained between
7 and 10 mg/L, or 75–125% saturation, from early June to late September
(Fig. 2B), indicating long periods of supersaturation and no evidence of
hypoxia, likely because the lake is shallow and well mixed in the open
water season. Under-ice dissolved oxygen concentrations decreased by
more than half compared to the summer measurements (Table 2).
Though we only have one day of measurements, conditions likely do
not vary substantially until ice out, as there is limited opportunity for
the water under ice to mix with the atmosphere. Dissolved oxygen
under the ice in March 2014 was ~3 mg/L (23% saturation) at the sedi-
ment–water interface, and walleyes were present in approximately
30 cmof unfrozenwater (Table 2).Walleyes have fairly low dissolved ox-
ygen requirements and are able to tolerate 2mg/L for a short time, but ex-
hibit greater survivalwhen oxygen levels are N3–5mg/L (McMahon et al.,
1984). This suggests that walleye in Tathlina Lake may experience respi-
ratory stress inwinter as our dissolved oxygenmeasurements were close
to the lower limit of walleye tolerance.
Chemical and biological sedimentary indicators
The sedimentation of Tathlina Lake has implications for the interpre-
tation of the paleolimnological record and its applicability in answering
questions related to recent decadal-scale environmental changes.
Sediment accumulation rates were very low in this system based on
estimates from the radiometric dating of the Tathlina core (Electronic
Supplementary Material (ESM) Figure S1). This is in concordance with
the morphology of Tathlina, namely a large lake of uniform shallow
depth, which does not promote high sediment focusing (the process
by which sediment from throughout the lake collects in the deepest
part of the basin). Because of low sedimentation rates, it was challeng-
ing to analyze the sediment record on the high-resolution temporal
scale that would be most meaningful to the ﬁshery. However, the
paleolimnological recordwas still useful for placing current limnological
conditions in Tathlina Lake in a broader historical context.
We analyzed three different paleolimnological indicators in this study:
spectrally inferred chlorophyll-a, combined with subfossil diatoms and
chironomids. The strong increase in spectrally inferred chlorophyll-a
above a core depth of 1.5 cm (~1967) indicates an increase in primary
production in Tathlina Lake (Figs. 3, 4) and can be attributed to recent cli-
mate warming, which has been documented in the area (Rühland et al.,
2003; Coleman et al., 2015) as well as throughout the circumpolar north-
ern hemisphere (Smol et al., 2005; Rühland et al., 2008, 2015). The mor-
phology of Tathlina Lake, with its large surface area and shallow depth,
makes it highly susceptible to the effects of climate warming (Smol and
Douglas, 2007a, 2007b). The post-1940s sediments documented the
only portion of the Tathlina Lake spectrally inferred chlorophyll-a record
that is above the detection limit, and thus represents a strong indicator of
increasing primary production. This observation is supported by the fact
that diatoms and chironomid remains were more abundant in the sedi-
ment record (above 2.5 cm) coincident with the inferred increase in pri-
mary production (Figs. 3, 4), suggesting that warming may be resulting
in a longer growing season, which would favor both indicator groups.
This may also explain why there were too few subfossils of both chirono-
mids anddiatomsbelowapproximately 5–6 cmdepth for analysis, since it
appears Tathlina Lake was a highly unproductive system before the mid-
to-late 20th Century. No obvious signs of dissolution or poor preservation
were noted for either indicator group.
Diatomswere recorded in greater abundance above 2.5 cm(~1924) in
the Tathlina Lake sediment core (Fig. 3). Diatom remains then slowly de-
creased until 5 cm depth, below which they were too sparse to be enu-
merated. Since the early 1920s, subtle changes in the diatom
assemblage have occurred. The assemblage consisted primarily of
species of the benthic Fragilaria sensu lato and Eolimna submuralis
Fig. 2.Water chemistry parameters measured using an YSI 6920 sonde in Tathlina Lake. Data are presented as 4-day averages of A) temperature and pH and B) dissolved oxygen levels
(saturation in% and concentration inmg/L) for three periods in each summermonth of 2012: early (1st–4th),mid (13th–16th), and late (27th–30th). The only exception is late September,
which is an average from the 24th–27th. All measurements were made at 18:00 each day.
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Benthic Fragilaria taxa decreased in relative abundance since ~1967
(1.5 cm), coincident with increased abundances of E. submuralis and a di-
verse group of periphytic taxa. This change in the diatom assemblage
closely followed the timing of the recent increase in primary production
based on spectrally inferred chlorophyll-a (Fig. 3). The subfossil diatom
response of decreasing benthic Fragilaria and increasing epiphytic and
epipelic species has recently been observed in response to climate
warming in other lakes in the Northwest Territories (Coleman et al.,
2015), as well as in other Arctic freshwater systems (Smol and Douglas,
2007b). Despite these subtle warming-related changes, the relatively sta-
ble diatom assemblages recorded since the 1920s suggest that chemical
variables regularly shown to inﬂuence sedimentary diatom ﬂora, such
as pH, nutrients, turbidity, and conductivity, have likely remained fairlyTable 2
Limnological variables measured under the ice on March 14, 2014 in the west basin of
Tathlina Lake using a YSI 6920 sonde. The ice was 67 cm thick, and 1.0-m depth was the















1.0 3.16 22.9 1.0 485
0.6 3.34 23.8 0.4 484
0.3 3.41 24.2 0.2 485
0.1 3.41 24.2 0.1 484stable during the recent past. Themaindriver of thesemodest assemblage
changes was likely decreasing ice cover (Smol and Douglas, 2007a).
Chironomid sub-fossil remains were retrieved in statistically
representative numbers (N50 whole head capsules; Quinlan and Smol,
2001) above 2.5 cm depth (~1924) in the sediment record, as remains
were very sparse below this time period, particularly at 6 cm or deeper
where almost no chironomid head capsules could be retrieved (Fig. 4).
The chironomid assemblage was primarily comprised of littoral taxa
throughout, with a few profundal taxa associated with soft organic sedi-
ment including Chironomus plumosus-type, Chironomus anthracinus-
type, and Procladius (Fig. 4). These taxa tend to be tolerant of hypoxia
(Brooks et al., 2007), and may therefore indicate that Tathlina Lake
experiencedperiods of lowoxygenunder the ice inwinter. This is not sur-
prising, as only a small portion of Tathlina Lake does not freeze to the bot-
tom, and only a relatively small volume ofwater is available in thewinter,
increasing oxygen demand per unit water volume. This ﬁnding is sup-
ported by ourmodernwater chemistry which showed that oxygen levels
were supersaturated in the summer (Fig. 2) and close to the lower toler-
ance limit of walleye in winter (Table 2). Past ﬂuctuations in the walleye
population may therefore be inﬂuenced by low oxygen conditions under
the ice in Tathlina Lake, which could have formed depending on ice
growth each winter (i.e., more ice leads to a smaller, unfrozen water vol-
ume), as well as differences in the biological consumption of oxygen.
Our paleolimnological analyses, in conjunction with modern water
chemistry analyses, showed that low oxygen conditions have likely
occurred regularly in the past, which may have led to poor walleye
Fig. 3. Relative abundances (%) of diatom taxa in the Tathlina Lake sediment core for intervals inwhich greater than 200 valves were enumerated shown in black bars, and those with less
than 200 shown in gray bars. For simplicity and to make the diagram more readable, “other periphytic species” represents a grouped category that includes all other species in the
assemblage living attached to a substrate. “Chl-a” is spectrally inferred, sedimentary chlorophyll-a (mg/g), and the dotted line represents the detection limit of the spectrophotometer.
Fig. 4. Relative abundances (%) of chironomid taxa in the Tathlina Lake sediment core for intervals in which greater than 50 whole head capsules were enumerated shown in black bars,
and those with less than 50 shown in gray bars. The number of head capsules retrieved per gram of dry sediment (HC/g dry sed) is shown on the right, as well as spectrally inferred,
sedimentary chlorophyll-a (Chl-a, mg/g). The dotted line on the Chl-a graph represents the detection limit of the spectrophotometer.
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indicating that multiple interacting stressors, including food web shifts,
changes in habitat availability (Chu et al., 2005), possible overexploita-
tion, and direct physiological impacts of warming temperatures on
spawning (McMahon et al., 1984) should be considered in addition to
oxygen stress. Furthermore, future water chemistry monitoring should
focus on determining if hypoxia occurs under the ice regularly, as well
as to what degree and why.Conclusions
The main limnological changes that have occurred in Tathlina Lake
over the recent past relate to increasing production likely due to
regional climate warming and a longer ice-free season. Our three-year,
multi-seasonal water chemistry sampling (comparing open-water and
under-ice measurements) indicates there are increased under-ice
concentrations of major ions, dissolved solids, and organic carbon,
which is consistent with the morphology of this shallow system
where only a small portion of the lake does not freeze to the bottom
in winter. These data form an important set of baseline conditions
upon which future studies of Tathlina Lake can be built. Sedimentary
diatom assemblages show no evidence of notable inferred changes in
turbidity or nutrients since the 1920s. The presence of hypoxia-
tolerant chironomid taxa throughout the sediment record suggests
that low oxygen conditions occur in Tathlina Lake, which is corroborat-
ed by our modern dissolved oxygen concentration measurements that
show lake water was supersaturated in the summer and close to the
lower tolerance limit of walleye under the ice. Yearly changes in ice
formation and biological production will inﬂuence the likelihood of
hypoxic conditions developing under the ice in Tathlina Lake, and may
explain why walleye populations have ﬂuctuated in the past. Other
mechanisms that may come about with climate warming, such as food
web shifts, overexploitation, and physiological temperature stress,
should be considered in addition to anoxia in future research and
management decisions concerning the walleye ﬁshery. This study also
provides a long-term perspective on limnological change in large,
shallow lake ecosystems in northern boreal forest regions, illustrating
the potential for using both paleolimnology and modern water
chemistry monitoring to better understand past ﬁsheries issues that
also have implications for the future.Acknowledgments
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